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The pumpdown, degassing, and ultimate vacuum characteristics of
single and multiport vacuum systems under various operating conditions
are compared by means of a mathematical model and electrical analog
computer simulation.

Using this technique, it was shown that a large multiport vacuum
system employing a large diffusion pump is feasible and affords a
number of advantages not attainable in an array of individual single-
chamber systems of nominally similar capabilities.

Experimental data for an existing single-chamber laboratory system
are in close agreement with performance characteristics predicted by

the simulation method. /{gzblgép/
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LIST OF SYMBOLS
Surface area of bell jar and baseplate from which desorption
is occurring
Leak rate
Molecular weight
(Subscript) relates to bell jar(s) being evacuated
(Subscript) refers to initial conditioms (t = 0)
Pressure
Molecular conductance (S4 = pump speed and conductance)
Time
Volume
Defined by Equation 2

Function of P4 defined in Figure 3



TECHNICAL MEMORANDUM X-53175

VACUUM SYSTEM SIMULATION AND
MULTIPORT SYSTEM FEASIBILITY STUDY

SUMMARY

The pumpdown, degassing, and ultimate vacuum characteristics of
single and multiport vacuum systems under various operating conditions
are compared by means of a mathematical model and electrical analog
computer simulation.

Using this technique, it was shown that a large multiport vacuum
system employing a large diffusion pump is feasible and affords a
number of advantages not attainable in an array of individual single-
chamber systems of nominally similar capabilities.

Bell jar pressure interactions were shown to be minimal; however,
the effect of retarded return to ultimate vacuum must be evaluated for
each application considered. All assumptions are conservative
estimates, however, so a somewhat more rapid response at a lower
pressure level may be expected.

Experimental data for an existing laboratory system agree with
performance characteristics predicted by the simulation method and
lend credence to the modeling and simulation technique.

INTRODUCTION

During recent years, the Materials Division has been engaged in
the preliminary evaluation of materials for space and high vacuum use.
Several vacuum systems used for weight loss studies have undergone
constant evolution as improved components and techniques were developed.
The point has been reached, however, where the procurement of new
systems must be evaluated against major modifications of those now in
use. This report describes a feasibility study of one of the possible
new systems.

Of the major experimental problems now confronted, quick attain-
ment of programmed temperature and rapid evacuation to a low ultimate
pressure are two of greatest concern. The quick attainment of
programmed temperature is practically independent of the vacuum system
itself; however, one possible method for attaining the other objective




is through use of a multiport system such as that described herein.
At the same time, it would be advantageous to add bell jars at a
minimum expenditure of funds and laboratory space while reducing
expected maintenance. Further, a contingency capability for extreme
pumping speed at better than 10-7 torr is desirable.

During many months of investigation and planning, components and
packaged systems offered by all known reputable vacuum suppliers have
been studied. 1In the final analysis, considerations such as perform-
ance, cost, maintenance, and space conservation indicated that a
centralized, multiport vacuum system affords a number of advantages
that are not attainable in an equivalent array of individual systems.

DEFINITION OF PROBLEM

Figure 1 shows the major components and characteristics of the
apparatus, which consists basically of a large diffusion pump and six
or eight bell jars. For purposes of the study, only three bell jars
were considered.

The central diffusion pump, backed by a small diffusion booster
and a mechanical forepump of intermediate size, would have a high
nominal pumping speed and an ultimate vacuum of approximately 10-9 torr
with a cryogenic baffle.

An enlarged upper chamber would provide sufficient spacing between
bell jars to make room for individual pneumatic valves for automatic
sequencing and control. The bell jars would each contain a minimum
volume consistent with the space required for weight loss studies.
and could be partially evacuated before being exposed to the diffusion
pump (FIG 2).

Trapping would be tandem, with liquid nitrogen baffles below each
bell jar to supplement the large baffle above the diffusion pump. The
conductances of all components were considered; however, the cryopumping
capabilities of the liquid nitrogen-cooled surfaces were neglected. 1In
this respect, the results obtained are conservative.

Above each baffle is a pneumatic valve which will permit isolation
and venting of the bell jar without disturbing the diffusion pump or
exposing the cold baffle to atmospheric conditions. The proposed
arrangement provides for automatic monitoring to rough-pump the bell
jar (FIG 2) and then switch to pumping via the diffusion pump. This
control did not enter into the analysis.




Major factors of interest were pumping speed at the bell jars,
magnitude and duration of pressure interactions among bell jars (due
to cycling or consecutive rather than concurrent shutdown/pumpdown),
and the effects of gas load due to leakage, outgassing, and specimen
volatilization. The most important factor prompting this study was the
concern regarding the pressure interactions ("bursts'") among bell jars
expressed by representatives from three leading vacuum equipment
suppliers. A further incentive was the desire to develop a flexible
program for vacuum system simulation which would be available for
general laboratory use in system design and analysis.

CONDITIONS AND ASSUMPTIONS

A roughing level of approximately 10-2 torr is expected for the
enlarged chamber (250 liters) above the diffusion pump before operation
of this pump. Similarly, each of the 15-liter bell jars would be
evacuated to 10-2 torr or less prior to automatic exposure to the high
vacuum port (FIG 2). The brief times required for valves to open have
been neglected in the analysis.

Component pumping speeds and conductances for the cases cited
are given in Table I. Pressure gradients within open chambers,
specifically the bell jars and the enlarged chamber, were assumed to be
negligible. The assumed diffusion pump speed characteristics for
cases 4-12, a typical manufacturer's curve, are shown in FIG 3. Curves
for cases 13 and 14 are not shown but had a similar source.

Leakage, outgassing, and volatilization rates are outlined in
Table I. The maximum leak rate cited is conservative in that leak
detection methods which are available permit reduction of the rate
below that assumed. However, the outgassing rate is a somewhat
nebulous factor and becomes relatively more serious as the pressure
falls lower and lower. Cases 4-6* represent sequential pumpdown of
three bell jars for a minimal-leakage system, and case 7 simulates
simul taneous pumpdown under similar conditions. Cases 8-10 start with
a zero-leakage station, add a minimal -leakage station, and conclude
with the pumpdown of a bell jar containing an evaporating material. 1In
this way, practically all ranges of experimental conditions are included
in the simulation. Cases 11 and 12 indicate the effectiveness of the
high capacity pumping system when it is used to evacuate relatively
large environmental chambers.

* All case numbers numerically equal the corresponding figure
numbers for the convenience of the reader.



MATHEMATICAL MODEL

Mathematical representation of the simulated systems consists of
writing differential material balances around each bell jar and around
the diffusion pump with its overhead chamber. Each balance equates
the change of pressure (by means of the PV product) to the net input-
output flows as determined by pumping, outgassing, leakage, and
volatilization.

For each bell jar n:

dPy

n dt =.In - Sn (Pn - P4) +An l,[ln (t, An, Sn’ M) 1)
where the gén term represents desorption of the atmospheric contaminants
from the bell jar and base plate. The computer program was arranged so
that the Yn term applies for bell jar n only when that bell jar is
being pumped down from rough vacuum (Pg,n = 10-2 torr).

Data for obtaining constants for the YUn equation were taken from
Dayton® and were normalized as A/S conditions which led to:

- t
.11 [2.7x105 (11.1(An/Sn)) -0.04 \/t
Yn(t,Ap,Sy,M) = 103 x 10 ¢ +1.8x1076 ¢ Ve
1+676 Ap
Sn /M

Behavior of the diffusion pump and overhead chamber is given by:
dP
' _fhdt =14+ )L Sn(Pn - Py) - S4, Max. Py ¢ 3)
n

where ¢ is a function of P, as shown in FIG 3.

For later cases where only a single bell jar was employed, n is

equated to 1, and the subscript 4 is retained for the diffusion pump
area.

Consideration of the equipment and inspection of EQU 1-3 indicate
that three major phases of pumpdown would be expected for a single,
desorbing bell jar. The first phase, controlled by the AP terms, is
rapid and accounts for the bulk of the gas. Phase two embodies a
gradual pressure decline as the adsorbed materials are slowly released
and pumped away. Attainment of a constant pressure level governed by

*B. B. Dayton, "1959 Sixth National Symposium on Vacuum Technology,
Transactions," Pergamon Press, London, 1960, p. 101. A molecular weight
of 50 was assumed for all calculatioms.

(2)



the leak rates and pump limitations is represented by the third phase.
The pressure behavior at any time is the sum total of these phases, so
gradual transitions rather than sharp changes of mode are expected.

As shown by instability problems with the analog computer and
difficulties in numerical integration of the equations on a digital
computer, arithmetic problems can be expected because of the use of
small differences of relatively large numbers during late (low
pressure) stages of the pumpdown. Simulation was attempted on both
types of computers, but only the results from the analog (Electronic
Associates Model 131-R) are shown here. The solutions are slightly
inaccurate because of the need for frequent interruptions for rescaling.
The great time span and the pressure variations over approximately
seven orders of magnitude made analog simulation unusually difficult.

A modified Runge-Kutta numerical integration was used for initial
pumpdown simulation using the Burroughs 5000 digital computer, but,
after approximately 15 seconds, a simple Euler integration was found
to be more satisfactory. In no case, however, was it possible to
maintain stability once the rate of pressure change began to level off;
therefore, the digital approach was abandoned.

RESULTS

Figures 4-6 show analog results for cases 4-6 from Table I.
This series is for sequential pumpdown of three bell jars and behaves
as expected. The bell jar being pumped reacts practically the same
in each case, and the other bell jar pressures follow closely that
above the diffusion pump. High-pressure '"bursts" are short-lived
and reach only about 10-%4 torr, but it may be significant that
repumping to pressures below 10-7 is slow because of the load on the
diffusion pump from the bell jar being pumped down the first time
(with outgassing). Pressures below 1076 torr, however, are recovered
almost instantaneously.

The similarity of the bell jar pressure curves in FIG 4 (one bell
jar) and FIG 7 (three bell jars) shows that the diffusion pump system
is capable of handling multiple chambers simultaneously. Thus, the
results shown in FIG 4-7 demonstrate that such a system is feasible.
Further performance characteristics are discussed in the following
paragraphs.

External leaks at the specified rates are noticeable only near or
at the ultimate pressure, as seen by comparing FIG 4 and 8, the latter
having zero bell jar leakage. Until about 30,000 seconds (10-8 torr),
the curves are identical.



As would be expected for practically identical circumstances, bell
jar pressure curves for FIG 5 and 9 coincide throughout the pumpdown.

Even the high evaporation rate simulated by case 10 (Table I) does
not have a large influence on the pumpdown rate, as shown by comparison
of FIG 6 and 10. Only after about 10,000 seconds (10-7 torr) do the
curves begin to diverge. Of course, a poorer ultimate vacuum would be
expected for case 10, but analog computer instabilities precluded
further definition of the curves.

As mentioned above, the pressure bursts feeding back into low-
pressure bell jars from 10-2 torr chambers being exposed to the system
are very brief and do not appreciably exceed 1074 torr. The electro-
balance disturbance (during weight loss studies) at such pressures
would be negligible, and, for peak evaporation loads, the slow return
to ultimate pressures probably would not impose more than half a decade
pressure sacrifice. A further factor is that the model again is
conservative in that a uniform pressure was assumed in the chamber
above the diffusion pump. 1In reality, most of the molecules leaving
the degassing bell jar would be directed towards the cryobaffle and,
because of mean free path at the low pressures involved (about 5 x 10'7),
would not be deflected back into other bell jars. Cryopumping of the
evaporated molecules on both small and large liquid nitrogen-cooled
baffles would add still another safety factor.

In keeping with the desire for a contingency capability for high
pump speeds at low pressures mentioned in the introduction, cases 11
and 12 (Table I) for large chambers atop the diffusion pump were
simulated. Figures 11 and 12 show that such a capability exists but
that surface degassing times may be prohibitive. In such cases,
thermal bakeout of the walls to expedite removal of adsorbed materials
would warrant serious consideration. Reference to the source for EQU 2
would show which terms are temperature dependent. Assumed room temper-
atures would have to be replaced by bakeout temperature in the equation
to adapt the model to bakeout simulation.

The concept of a single port system having a high vacuum pumping
station matched in size with the bell jar valve and cryobaffle is
examined in FIG 12, where points shown are crossplotted from FIG 4 for
comparison. As expected from the higher diffusion pumping capacity of
the multiport pump, the latter case exhibits more rapid pumpdown, which
is another factor in favor of the multiport system.

Because all the foregoing was applied to hypothetical systems, an
experimental check on the accuracy of the simulation was desirable if
not imperative. Therefore, an existing laboratory system (designated
4A) was simulated by measuring components, calculating parameters, and




using the manufacturer's curve for the diffusion pump behavior (case 14,
Table I). Both calculated bell jar and calculated diffusion pump
pressures are shown in FIG 14, where the plotted points are from actual
system tests which were requested and received by the authors from a
third party having no knowledge of the simulated results. Considering
the many assumptions involved in the model, particularly in the de-
gassing relationship (EQU 2), the agreement between system performance
and simulated results is believed to be very satisfactory.

Insofar as computation methods could be compared, it may be
stated that in every case where digital computer results were obtained
(usually for the first 20 seconds of pumpdown) agreement with analog
results was within the accuracy of the graphs.

CONCLUSIONS

The mathematical model and electrical analog simulation technique
provides a reasonable representation of high vacuum equipment.

Using this technique, it was shown that a multiport vacuum system
employing a large diffusion pump is feasible if not preferable to
individual single-chamber systems of supposedly similar capacities.

Bell jar pressure interactions were shown to be minimal; however,
the effect of retarded return to ultimate vacuum must be evaluated for
each application considered. Experience with high vacuum weight loss
studies indicates that such a phenomenon probably is not critical,
particularly when the pressure gradient between the test oven and the
bell jar chamber is considered.

It should be noted that the advantages of the multiport concept
are due largely to high pumping speed plus high bell jar port conductance.
Use of multiple chambers set on sidearm tubes would greatly reduce the
conductances (Table I) and drastically diminish the utility and
attractiveness of the multiport type of system. Thus, the direct
overhead chamber-to-bell jar chamber connection is of utmost importance.

Preliminary cost studies indicated that a six-port 32-inch
diffusion pump having 10-inch (15 liter) bell jars over nominal 6-inch
ports (arranged as in FIG 1 and 2) would be competitive in price with
six separate nominal 6-inch systems while offering many extra features.
Complete layout and cost studies for both types of systems should
precede a final choice. -

The entire simulation scheme involves conservative assumptions and
estimates which, if precisely known, would undoubtedly result in hypo-
thetical performance curves even more favorable to the multiport system
concept.
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